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The AGS beam for part of the FY2005 running period for the nuclear physics program will 
be high-energy polarized protons directed from the AGS to the AtR transfer line.  Some 
protons will be displaced from the beam within the ASG Ring.  Secondary and tertiary 
hadrons arising from primary beam losses will interact in the helium liquid that cools the 
AGS Snake Magnet, which is used to maintain the polarization of protons in the beam. The 
question was raised as to whether AGS beam losses in the vicinity of the Snake Magnet 
would generate a significant amount of tritium in the liquid helium coolant and if there 
would be significant tritium gas emission in the helium boil off that would be routinely 
vented from the AGS Ring. This note presents calculations to address those questions.  

The basic assumption is that heat in the Snake Magnet cryogenic cooling system is from 
ionization in the coolant.   This is an overestimate of the amount of ionization in the 
coolant but it is done this way in order to quantify the maximum possible release of tritium 
while simplifying the determination of the irradiating fluence.  It is noted that operation of 
the Snake Magnet cooling system outside its anticipated parameter for heat load, 2 watts, is 
not intended for significant periods of time.  There are three cryo-coolers each capable of 
removing about 1.5 watts for helium at 4.5 oK.  It is not possible to run the Snake Magnet 
if the heat load exceeds the total capacity of the cryo-coolers. 
 
Beginning with a well-established formula for activation:1
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where P is the constant production rate of tritium atoms in the helium, atoms s-1,  
N is the number of He atoms in the cooling system,  
σjk is the cross section for a particle of type k producing a tritium atom via reaction j, cm2,  
φk is the fluence rate of particles of type k, particles/cm2 s, 
E is the particle energy, with Ejk being the threshold energy for reaction j with particle k, 
and Ekmax is the maximum energy of particle type k. 
 
This first equation assumes that there is only one radionuclide of interest, tritium.  Some 
other simplifying assumptions are:  
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• The production of tritium is dominated by hadronic-spallation reactions, without 
significant contributions from reactions involving leptons, photons or secondary 
processes.  This assumption eliminates the summation over j.  

• The cross section for tritium production is essentially the same for all hadrons.  This is 
reasonable given spallation is a strong interaction and eliminates the summation over k, 
allowing one to use the total number of hadrons to calculate φ.  

• The spallation cross section is essentially independent of hadron energy above 100 
MeV.1 

 
This assumption eliminates the integration over E.  

 
Using first-order linear kinetics, the number tritium atoms in the coolant at any time is 
given by:2 
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where H is the number of tritium atoms in the helium coolant at any time, 
λ is the decay constant of tritium = 1.79 ×10-9 s-1, 
Κ is the boil-off constant for tritium, 0.1 g s-1/12300 g = 8.13x10-6 s-1, and  
t is the irradiation time. 
 
This second equation allows for no decay post shutdown; that is, it gives the tritium atoms 
at the moment the beam is turned off.  The second equation also assumes there are two 
tritium removal rates at work during irradiation: loss of tritium due to helium boil-off and 
due to radioactive decay.   
 
Combining the first and second equations with the simplifying assumptions yields: 
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    Eq. 3 

 
Determination of N is straightforward from Avogadro’s number, the mass of liquid helium 
in the Snake Magnet and the molecular weight of liquid helium:  
 

== N AM
N ρ  (12300 g / 4.00 g mol-1)(6.02x1023 atoms mol-1) = 1.85x1027 atoms 

 
Deciding on a value for cross section for tritium production from spallation of helium by 
hadrons is less straightforward and represents most of the uncertainty in this estimate.  No 
measured cross section for the production of tritium through hadronic spallation of helium 
has been located.  However, tritium production cross sections have been compiled for 
reactions with other targets.3   Plots of cross section versus atomic number show the cross 
section falling for light elements.  Visual inspection places the cross section for helium-4 
as low as 5 mb or as high as 30 mb.  Additionally, one can calculate 30 mb for the cross 
section using Reference 4.  Thus, 30 mb is chosen here as a reasonable yet conservative 
estimate for cross section for this specific reaction on helium.  
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The following assumptions are made in estimating fluence rate, φ. The heat load in the 
liquid helium is reported to be 2 watts under normal operation.  This heat load is assumed 
to be due to secondary and tertiary hadron interactions in helium.  The absorbed dose per 
unit hadron fluence is taken from Reference 5, page 24, as 3.2x10-14 Gy m2 hadron-1.  The 
fluence rate into the helium coolant can be calculated from the heat load and absorbed dose 
per unit hadron fluence as follows: 
 
φ = (2 watts/12300 g)(107 erg/s/watt)(1 rad/100 ergs g-1)(1 Gy/100 rad)/( 3.2x10-14 Gy m2

hadron-1)  
 
φ = 5.08x1012 hadrons/m2 s 
 
The irradiation time is assumed to be eight weeks, which is 4.84x106 s.  Using Eq. 3, the 
number of tritium atoms in the helium coolant at the end of eight weeks is:  
 
H = (1.85x1027 atoms)(30 mb)(10-27 cm2/mb)(5.08x1012 hadrons/m2 s)(1 m2/104 cm2) 

(1-e-(0.00000000179/s + 0.00000813/s)(4,840,000 s))/(1.79 ×10-9 s-1 + 8.13x10-6 s-1) 
 
H = 3.47x1015 tritium atoms  
 
The tritium activity, A, in the helium coolant is given by: 
 
A = H λ 
 
A = (3.47x1015 tritium atoms)(1.79x10-9 s-1)  
 
A = 1.68x108 pCi 
 
A = 6.22x106 Bq 
 
The tritium release rate, Q, from boil-off is given by: 
 
Q = HK 
 
Q = (3.47x1015 tritium atoms)(8.13x10-6 s-1)  
 
Q = 2.82x1010 atoms/s 
 
Q = 1360 pCi/s 
 
Q = 50.3 Bq/s 
 
The Derived Air Concentration (DAC) for the Annual Limit on Intake of a radionuclide is 
that concentration which will deliver the annual limit of dose equivalent to a worker who 
continuously occupies an area at one DAC for one working year (2000 hours).  In the case 
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of tritium, the DAC is 8x105 
Bq/ml.6  The tritium in the Snake Magnet is mixed with 

12300 g of liquid helium, which is 9.8x104 cc of liquid, and the liquid to gas expansion 
ratio is 768 at 300 oK.  The resulting airborne tritium concentration is at least seven orders 
of magnitude less than the DAC, and it would exist temporarily in the vicinity of the Snake 
Magnet after a loss of coolant event inside the AGS Ring.  Therefore, no significant 
radiological hazard to a worker exists. 
 
From the standpoint of environmental protection, one considers the total amount of tritium 
released from a magnet quench and assumes that all of it is vented to the outside.  The 
other environmental consideration is routine emission of tritium with the helium boil off 
for eight weeks of operation.  Using EPA’s CAP88 Code with BNL site parameters, the 
maximum dose to an individual off site would be 1.8x10-8 mrem for the quench event and 
6.8x10-7 mrem during the eight week program from routine tritium emissions.7  Even if the 
cryo-coolers were run at full capacity of 4.5 watts, rather than at the expected routine level 
of 2 watts, off-site doses would be well below the 0.1 mrem per year trigger for monitoring 
requirements prescribed by EPA in 40 CFR 61. 
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